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ABSTRACT

The first phase of a study directed toward determining the effects of the
propagation medium on a possible ELF communications system has been
completed. A review of current theory and of the small amount of appropri-
ate experimental information available shows thaf a larpe depgree of uncer-
tainty must be resolved before it can be considered that the characteristics
of ELF propagation, even under simple, idealized ionospheric conditions, are
understood,

Likely extremes of propagation-associated uncertainties in ELF com~
munications reliahility and the probable occurrence of bidirectional propaga-
tion were considered.

Theoretical calculations basedon realistic lonospheric charged-particle-
density models were used {o acquire estimates of the likely sxiremes of
anomalously high attenuation and sirong dispersion which may cccur due to
standing waves between the D layer and higher ionospheric layers, particu-
larly at night. Auroral sporadic E layers, solar flares, polar-cap absorption
events, and high-altitude nuclear explosions are possible sources of such
effects.

Agsuming that these phenomena can indeed give rise to narrow-band
resonances at certain freguencies in the ELF band, one can illustrate by
sample calculations the severity of signal dispersion effects which may re-
sult, Estimates were made of the speciral contamination and dispersion
which may be imposed on ELF signals both in crossing a wavy ocean surface
and in penetrating depths of hundreds of meters.

PROBLEM STATUS

This is a final report on one phase of the problem; work on other phases
continues.
AUTHORIZATION

NRL Problem R0OT7-23
ONR Project RF 14-222-401-4355

Manuscript submitted February 24, 1971.
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SOME PQOSSIBLE PROPAGATION-ASSCCIATED
CONSTRAINTS ON ELF COMMUNICATIONS

INTRODUCTION
Background

Under currently accepted understanding of the mechanisms available for global in~
formation transmission, extremely-low-frequency (ELF} electromagnetic waves seem
attractive for communication between surface or airborne terminals and submerged sub-
marines traveling at operational depth and speed. The Naval Research Laboratory ac-
cordingly has undertaken an investigation of the media through which ELF waves are
transmitted, notably the earth's upper atmosphere and ocean surface layer, in an effort
to discern and assess the likely limitations imposed by these media on information
transmission. This report describes the resulis of a preliminary phase of this investi-
gation in which recent developments in ELF propagation theory, together with known as-
pects of ionospheric physics and the physics of electromagnetic-wave transmission
across sharply bounded interfaces, have been applied to the general problem of ELF
communications.

In the second subsection of this introduction a brief survey is presented of experi-
mental measurements which have been directed at determining propagation constants
appropriate to ELF propagation in the earth-ionosphere waveguide. Inasmuch as these
results rely heavily on natural phenomena and cannot always be related directly to a
point-to-point communication situation, some comments are included to indicate their
shortcomings,

The third subsection of this introduction contains a survey of attempts by several
workers to calculate the appropriate propagation parameters from a theoretical basis.
The diversity of approaches which have been adapted has led to an equally broad diver-
sity of calculated results, and these results are listed to indicate the rather large uncer-
tainty which must be resolved before it can be claimed that the characteristics of ELF
propagation, even under simple, idealized ionospheric conditions, are understood.

The final subsection of this introduction contains a description of the specific prob~
lem areas, principally involving ionospheric effects on propagation, which must be in-
vestigated both theoretically and experimentally before EL F propagation under iono-
spheric conditions even remotely approaching realistic ones can be claimed to be
understood. These problem areas form the basis for NRL's current EL F-propagation
research program. They are discussed from a physical standpoint in the second section
of this report, and their implications regarding the transmission of information are
treated in the third section.

A Survey of Experimental Measurements of ELF
Propagation Parameters

As is common in discussing earth-ionosphere waveguide propagation, the modulus of
the propagation constant or wave number k will be written as a product of a (scalar)
free-space wave number k, and a complex factor S. Propagation will be assumed to be
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in the direction 5, suchthat & -r = &,Sp - r, where p is a unit vector. The real part
of S is the phase factor and is equal to the ratio of the speed of light in vacuo {c) to the
electromagnetic-wave phase velocity (va). The imaginary part of $ is the attenuation
factor and will be given in units of dB per 1000 km,

Measurements of ELF propagation constants have relied on three sources: discrete
atmospherics, Schumann resonances, and artificial continuous-wave (CW) transmissions.
Of these sources, investigations of discrete atmospherics have heen the most intense,
whereas studies of CW transmissions have been extremely sketchy. The prominent re-
sults of each of these three types of measurements are listed below.

1. Measurements of Atmospherics

Measurement of atmospherics relies on assessment of the ELF componenis of 2
lightning pulse after transit of a path length of several thousand kilometers. Because the
ELF componenis suffer greater delay than the higher freguency (VL F) components of at-
mospherics, they arrive later than the latter and constitute what is known as the "slow
tail." Most such waveforms are around 20 msec long; hence these measurements pro-
vide information only at frequencies above 30 Hz or so. They are responsible for a good
deal of controversy involving interpretation and are subject {6 rather high probable
error.

Chapman and Macario {1} acquired the first guantitative results which purported
ic set values for ELF attenuation constants, The data were acquired from amplitude
spectra of waveforms originating up {o 4000 km from the receiver, although most data
seem to have come from 2 distance less than 3000 km. Values for the attenuation con-
stant were presented for frequencies above 100 Hz, The estimated value at 100 Hz was
about 0.7 dB/1000 km and appeared to be somewhat higher in daylime than at night,

Chapman et al. (2} presented refined and extended values of propagation constants
using a similar method, Once again, atmospherics yielded guantitative data only for
{requencies above 100 Hz, Values ai lower frequencies were determined by interpolation
between the lowest-frequency point determined from atmospherics and the highest-
fregquency value (33 Hz) estimated from Schumann resonances. Thus they suffer the
added uncertainty of being strongly dependent on the worldwide-averaged {and hence
suspect) values determined from Schumann resonances. All data were acquired on
north-south paths, and about 240 atmospherics were acquired. Data were confined to
sources within about 2500 km. The estimated attenuation constant at 50 Hz is about
0.7 dB/10600 km.

Hughes (3) presented the results of an analysis of waveform shape, apparently
without periorming spectral decomposition, which purported to show that there is a sub-
stantial difference in easterly and westerly* attenuation rates on darkened paths at fre-
quencies between 50 and 150 Hz. Assuming the slow-tail porticn of an atmospheric
waveform contains Irequency components in this band, he determined a directional dif-
ference between the averaged attenuation rates over the 50- {0 150-Hz band. The path
lengths seemed fo vary from a few thousand to at least 14,000 km, and some seemed to
cross the twilight 2one. If is not apparent whether an attempt was made 10 separate dark
paths from mixed ones in which the twilight zone was ¢rossed. All measurements were
made at local midnight, however, so only the longest paths would experience this latter
condition, Presumably they affected only a small amount of the data. Appearance of the
waveforms led the author to suggest that Smith's (4} estimate of an averaged difference

*In this report "easterly' refers to waves propagating to the east, and “"westerly” refers to waves
propagating to the west.,
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of 1 dB/1000 km in attenuation for easterly (least attenuated) versus westerly propagat-
ing ELF waves between 50 and 150 Hz is valid,

In a later paper Hughes (5) reported further observations from known tropical
storms at 6500 km west and 3300 km east of the observing &ite. A total of 100 spectra,
corresponding to dark-path conditions in both directions (50 spectra from each storm),
gave rise to consistent directional behavior. Spectra acquired on sunlit paths showed no
directional characteristics. Data were analyzed by inspection of amplitude spectra with
irequencies from 30 Hz to 1 kHz. Quantitative data were given only for frequencies
above 100 Hz; at 100 Hz it was found that the attenuation rate for westerly propagating
signals exceeds that for easterly propagating signals by about 0.5 dB/1000 km.,

In other work Hughes and Thiesen (6) reported further measurements of atmos-
pherics, with concentration on frequency components between 50 and 300 Hz, in an at-
tempt to determine attenuation rate differences between dark and sunlit paths., Paths
from South America to Hawaii (westerly) and South America to Arizona (northwesterly)
were exploited, with ten pairs each of simultaneously received atmospherics under dark-
ened and sunlit path conditions analyzed. All data were taken in 2-minute periods imme-
diately following system calibration. Source distances were 4800 to 5900 km (northwest-
erly) and 8400 to 9600 km (westerly). The estimated diurnal difference in attenuation
rate, averaged over the two paths at 50 Hz, was 1.5 + 0,08 dB/1000 km, with the attenu-
ation higher for sunlit paths than for dark paths.

Both of these paths crossed the equator. Smith (4) also has reported the resuits
of ELF attenuation-rate measurements on transequatorial paths and has found a large
diurnal difference as well. Smith's results indicate that the diurnal difference in attenu-
ation rate is about 0.7 dB/1000 km, with the attenuation higher for sunlit paths. Because
these results suggest a larger diurnal difference in attenuation rate than either theoreti-
cal predictions or other measurements, and in view of the fact that they both correspond
to transequatorial paths, it is possible that they evince an anomalous propagation effect
associated with the equatorial ionosphere. Further results of both these investigators,
to be discussed below, tend to reinforce this hypothesis.

Hughes and Thiesen (7) in another report described an attempt to determine the
effect of a discontinuity in waveguide boundary height along an ELF propagation path.
The most interesting and controversial result of this work, however, arose from a series
of measurements involving completely dark and completely sunlit paths. The instrumen-
tation and receiving sites were the same as described in Ref. 6. By measuring total
attenuation along each of the two separate paths and dividing by path difference, values of
what they term an apparent attenuation rate (this parameter should not be interpreted as
a true attenuation rate) of 3.9 dB/1000 km for 50-Hz propagation along a sunlit path and
of 1.6 dB/1000 km along a dark path resulted. Twenty pairs of atmospherics were ana-
lyzed for each path condition, and the estimates were based on spectral analysis. It is
noted that 50 Hz corresponds to the lower limit of spectral resolution and that the source
region was in the equatorial zone. If the northwesterly path was assumed to experience
an actual attenuation rate of 0.8 dB/1000 km for daytime propagation, consistent with
other results quoted above, then the apparent attenuation rate of 3.9 dB/1000 km indi-
cates that the actual value for westerly propagation on a sunlit path is slightly less than
2 dB/1000 km, Similarly, for dark path conditions, there results an estimated value for
westerly propagation of slightly more than 1.1 dB/1000 km. These values, once again,
are much larger than both the predictions of theory and other measurements, On similar
transequatorial paths Smith (4) has found attenuation rates of 2.3 dB/1000 km and 1.6 dB/
1000 km for sunlit and dark paths respectively. The trend of these values is in general
agreement with those of Hughes and Thiesen (7) and reinforces the hypothesis that there
occurs within the equatorial zone a propagation phenomenon which is unique to that
region. The unusual magneto-ionic conditions which prevail in the equatorial lower E
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layer due to the extremely high currents associated with the equatorial electrojet may
coniain the explanation of this phenomenon.

Jones {8} considered the spectral dispersion of impulsive electromagnetic pulses
in the earth-ionosphere waveguide and obtained temporal-domain waveforms for the ex-
pected resultant atmospherics traveling via both long and short great-cirele paths from
a postulated source fo a given receiver position. Noting that the rather complex wave
shapes which the superposition of these two components should yield are not in fact ab-
served experimentally, he suggested that the attenuation rate may well be larger than
that which is expected {namely 0.5 to 0.8 dB/1000 km).

Taylor and Sac {9} reported measurements of 40 pairs of waveforms acguired
simultaneously on easterly {Pacific Ocean to Colorado) and westerly (Pacific Ocean to
Japan) paths under dark-path conditions, Amplitude spectra were acquired and attenu-
ation rates estimated for freguencies between 20 and 400 Hz, Data below 50 Hz probably
are invalid, The difference in attenuation rates was a minimum at 50 Hz, where the
easterly value was estimated to be 0.75 dB/1000 km and the westerly value was estimated
to be 0.93 dB/1000 km, The authors ook note of the highly inaccurate methods and small
sample of daita and suggested that the rather larpge probable error {the margin of error
encompasses both values at every freguency) casts a great deal of doubt on the results.

In summary, studies of atmospherics have not yielded altogether consistent re-
sults for ELF attenuation rates. References 1 and 2 contain resuits for relatively short,
temperate~zone north-south paths which indicate a value of 0.7 dB/1000 km in the 50- to
100-Hz region. References 3 through 9 indicate that there are propagation asymmetries
for easterly and westerly propagation as well as for darkened and sunlit paths. These
references also indicate that attenuation rates in the 50- to 100-Hz band may be as great
as 1,5 to 2.0 dB/1000 km, although ihe interposition of the equatorial zone in the paths
used for many of these measurements casts some doubt on their validity.® Beneath all
the resulis derived from measurements of atmospherics, of course, there runs a sub-
stantial undercurrent of suspicion, The 50~ to 100-Hz region is at the low-frequency
extreme of the band which can be investigated by use of atmospherics, Indeed, some of
the results guoted ahove were delermined by interpolation between the lowest-frequency
values estimated by observations of atmospherics and the highest-frequency values esti-
mated from observations of Schumann resonances. The latter is a phenomenon of global
scale, as is mentioned below, and hence casts further suspicion on the validity of these
figures.

2, Measurements of Schumann Resonances

Measurements of Schumann resonances rely on theoretical calculation of the ef-
fective conductivity of an assumed model ionospheric boundary to the earth-ionospherie
waveguide, based on measurements of the frequencies of Schumann resonances. Several
difficulties are associated with this method, and the results are highly uncertain. Be-
cause the Schumann resonances are a worldwide phenomenon, any resulls determined
from them must be considered gross averages over all times of day, seaSons, and
geomagnetic-field orientations, A suggestion that such effects probably are important
may be gathered from the circumstiance that the measured frequencies of Schumann
regonances vary by several perceni, systematically, over a period of a day. Further-
more, since the signal-to-noise ratio for the resonant-mode amplitudes declines rapidly
with freguency, the most reliable results arise from the fundamental resonance mode {at
about § Hz); data have been used for modes as high as the fifth {at about 33 Hz), however,

*1t should be noted, however, that even if some anomalous propagation phenomenon in the equatorial
zone is responaible for these high attenuation rates, this phenomenon remains a matter of vital
concern for a global communications system and caymot simply be disregarded.
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Chapman and Jones (10) presented the theoretical basis for interpreting Schumann
resonances in terms of a simple, two-layer ionospheric model to yield the effective
boundary conductivity which is necessary for estimating ELF attenuation rates from
them. They also presented a collection of results based on other models. A one-year
collection of data (about 500 spectra) yielded estimates of attennation rates between 1
and 1000 Hz. At 50 Hz there resulted an estimate of 0.7 dB/1000 km,

3. Measurements of CW Transmissions

Due to the technical difficulties of radiating energy in the ELF band at high
enough power to be detected at ranges of thousands of kilometers, very few data have
been gathered for CW transmissions. In the case cited below, CW transmissions were
detected on path lengths of a few thousand kilometers, and measured values of attenu-
ation rate and phase velocity were acquired for a frequency of 400 Hz.

Dunn et al, (11) and Kuhnle and Smith (12) used a rented 67-mile section of power
transmission line on the California~Nevada border (oriented roughly in an east-west di-
rection), grounded at both ends, to radiate a 400-Hz continuous wave at 300-kw input
power. Measurements on an easterly path were made in Utah (500-km range), Michigan
(3000~km range}, and New York (4000-km range). Both nighttime and daytime path con-
ditions, as well as the sunrise transition period, were investigated. Signal levels at
400 Hz were high enough at the receiver sites that coherent integration times of 1 to 4
seconds gave satisfactory results, The measured attenuation constants of 3 to 3.5 dB/
1000 km for nighttime propagation and 7.8 to 9.0 dB/1000 km for daytime propagation
are both somewhat larger than predicted by theory. There was evidence that during the
night-day transition period a smooth transition from the usual nighttime received sighal
level to the daytime value did not occur but that the signal experienced rather deep fading
(as deep as 20 dB) for a while, followed by recovery to the usual daytime level, This be-
havior indicates that the ionospheric twilight zone probably does cause a modal interfer-
ence effect in ELF wave fields below the transition region.

A Survey of Theoretical Calculations of ELF
Propagation Parameters

Calculations of ELF attenuation rates have undergone a substantial process of re-
finement since the simple, two-layer model of Chapman and Jones (10) was constructed
as an attempt to force-{it a crude ionospheric conductivity profile to their Schumann
resonance data cited previously, Although this two-layer model succeeded in fitting both
the positions of the Schumann resonances in the frequency domain and their effective
Q-factors, it was not claimed as a realistic representation of the true lower ionosphere.
Subsequent efforts by Galejs (13-17), Field (18), Yamashita (18-20), and Jones (21) have
progressively included greater complexity and realism and have provided estimates of
ELF attenuation constants which display day/night and east/west propagation asymmetry
and which cover a wide range of values. Table 1 contains a digest of the values obtained
in these studies for the particular frequencies of 45 and 75 Hz, two frequencies of pos-
sible interest for experiment on which the applications described in this report have been
concentrated. To permit a comparison to be made between the diversity of approaches
taken by these workers, the entries have been arranged according to their similarity in
geometric configuration and are annotated briefly to indicate this configuration as well
as other pertinent characteristics such as the magnetic-field treatment and the inclusion
or exclusion of ions. The values for attenuation rate are quoted in dB per 1000 km with
the following shorthand notation:
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O Ew corresponds to westerly propagation;
yg corresponds to easterly propagation;
Gygg corresponds to propagation in the absence of a geomagnetic field;

app corresponds to propagation in the presence of a geomagnetic field in which
there is no geomagnetic anisotropy.

Values for both darkened and sunlit paths are given where available. In several cases in
which the calculations do not fit the format of the table, additional notations are included
in the individual data blocks. A brief explanation of each treatment listed in Table 1 is
given below.

The values abstracted from Ref. 13 were calculated on the basis of a flat earth and
horizontal north-south geomagnetic field, neglecting the effects of ions. The ionospheric
model was constructed from typical eleetron-density and collision-frequency profiles,
Values in the columns of Table 1 correspond to the column headings except for the last
two entries for each frequency. These entries correspond to north-south (and hence
isotropic or field-free) propagation on sunlit and darkened paths respectively. The val-
ues abstracted from Ref. 21, also for a flat-earth case, are all for isotropic conditions
in which the geomagnetic field is neglected. The four entries at each frequency, from
Cole and Pierce (22) and Deeks (23}, are intended to cover typical realistic ionospheres
with and without the inclusion of ions. The fifth entry corresponds to the artificial two-
layer model of Chapman and Jones (10). The values abstracted from Ref. 18, also for a
flat earth and with a similar horizontal geomagnetic field to that employed by Galejs (13),
are intended to illustrate the effects of increasing ion density, which might be encountered
at higher latitudes. The designation WN; in each entry indicates the approximate maximum
negative~ion density achieved at about a 30- to 40-km altitude, The cases of no ions and
N; < 5x10% em™3 correspond to low latitudes.

The cylindrical-earth examples abstracted from Refs. 15 and 17 also are intended to
illustrate the importance of low-altitude ions. The entries in the former case are self-
explanatory, but in the latter case they correspond to completely different categories
than indicated by the column headings. For this reason, labels are inserted above these
entries, Those in the column labeled "e" are based on no ions at all; those in the col-
umn labeled "e + i1, MW = 29" are based on electrons plus ions of atomic mass 29; those
in the first column labeled "e + i, MW = 60" are based on electrons plus ions of atomic
mass 60 (such as might be encountered in an aerosol or a concentration of water cluster
ions); those in the second column labeled "e + i, MW = 60" are based on the same
charged-particle distribution as the preceding column but with an ion-neutral collision
frequency of twice the neutral-neutral collision frequency.

The spherical-earth examples abstracted from Refs. 19 and 20, with no ions and an
assumed radial geomagnetic field, correspond to one- and two-layer ionospheric models,
respectively, of a similar type to those employed by Chapman and Jones {10). Although
these entries are suspect because they are based on unrealistic, sharply bounded iono-
spheric layers, they are of interest because they depart significantly from those deter-
mined by Chapman and Jones (10). These models enjoy reasonable success in explaining
observed characteristics of slow-tail atmospherics, nevertheless, and hence point ouf
that even this oversimplified method of describing the earth-ionosphere waveguide is
capable of producing a large discrepancy in calculated attenuation coefficients,

The spherical-earth examples abstracted from Ref. 14, also corresponding to a
radial geomagnetic field and no ions, were based on a more realistic ionospheric model
(the same one as was used in Ref. 13). Once again, because the geomagnetic field was
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approximated by its radial component, there is no disiinction between easterly and west-
erly propagation. The entries do not properly fit the format of the table consequently,
and iabels have been inserted above the entries to indicate their actual significance. The
labels are self-explanatory and are consistent with terminology previously explained.

The diversity of results among the approaches represented in Table 1 demonstrates
emphatically the chaotic state of theoretical ELF attenuation-rate calculations. Two
cases in point illustrate this circumstance:

e References 13 and 14, in which propagation on sunlit and darkened paths can be
compared, show that atfenuation rates for the former generally exceed those for the
latter by an average of about 20% at 45 Hz, whereas Refs. 15 and 18 show that those for
the latter generally exceed those for the former by 35%.

¢ References 17 and 18 indicate that inclusion of ions generally resulis in an increase
of attenuation coefficient, whereas Ref. 21 suggesis the contrary.

There are two significant areas of consistency among the results as well:

¢ Inclusion of the geomagnetic field generally leads to increased estimates of aiten~
uation rate at 45 Hz by 30 to 100% over the isotropic case.

e Attenuation rates for westerly propagation exceed those for easterly propagation
at 45 Hz by an average of 30% at temperate latitudes.

Values of attenuation coefficients for all conditions vary from 0.4 to 1.8 dB/1000 km
at 45 Hz, and from 0.8 to 2.4 dB/1000 km at 75 Hz. The absence of systematic trends in
their dependence either on the presence or absence of ions or on the condition of path
illumination makes it impossible fo assess the effects of geographic path location. The
slight trend of evidence concerning the effect of the geomagnetic field suggests that
propagation may indeed be expecied to be anisotropic with a difference in attenuation
rate of as much as 30%.

Problem Areas of Interest for Research

The possible irregularities and anisotropies of propagation whose existence is sug-
gested by the examples discussed in the prior two parts of this introduction must be in-
vestigated experimentally if their effects on ELF propagation are to be fully understood.
The object of the research reported here is to apply current theoretical suppositions to
circumstances likely to be encountered in plobal communications and thereby to discern
the probable limits of degradation that these propagation-related phenomena will have on
information {ransmission,

Tabie 2 lists four prominent catepories into which such degrading phenomena may
be grouped and nine subeategories, either of specific physical mechanisms or of the con-
sequences of such mechanisms, which may be conveniently isolated for theoretical study.

The two items listed under Bidirectional Propagation are of importance because the
low attenuation constanis expected at ELF should permit energy from both the direct
(short great circle) and antipodal (long great circle) paths to propagate to much of the
world. The spatial interference pattern which results may canse wave-field fluctuations
of 3 to 6 dB thousands of kilometers in scale at ranges beyond about 10,000 km, This
matter is discussed more thoroughly by Kelly {24), and only a few representative exam-
ples of the possible extremes will be listed in the following section.
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Tabie 2
Problem Areas for ELF Propagation Research

Bidirectional Propagation

¢ Geomagnetic nonreciprocity

¢ Day-night asymmetry

Multilayer Resonance Effects

e Anomalous high attenuation

¢ Dispersion

Ionospheric Discontinuities

o Height changes at twilight zone
¢ Interposed conducting layers such as sporadic E
¢ Solar and nuclear perturbations

Trans-Surface and Subsurface Propagation

o Water-wave spectral contamination

e Dispersion

Multilayer Resonance Effects arise because the extremely long wavelengths charac-
teristic of ELF waves can cause energy to penetrate tens to hundreds of kilometers
above the D and lower E regions where reflection is commonly considered to occur. The
existence of higher layers then can cause standing waves to be set up which may create
resonance-associated absorption maxima in certain frequency bands a few hertz wide,
The existence of these attenuation peaks may introduce substantial dispersion into a sig-
nal which occupies the same portion of the spectrum. This matter was first described
by Galejs (25), and the bulk of the material in the following two sections represents ap-
plication of the theory to ionospheric configurations which may be encountered in a com-
munications environment.

The items listed under Ionospheric Discontinuities involve primarily local wave-
field irregularities which may occur due to mode conversion within a few hundred to a
thousand kilometers of the three sources of ionospheric-boundary height changes indi-
cated. Height changes of about 20 km will be encountered at the twilight zone, for exam-
ple, and may create a modal interference pattern in this transition region which will
greatly complicate communications to receivers located within it, The limited experi~
ence with 400-Hz CW transmission that was mentioned in the second subsection of this
introduction confirms that passage of the twilight zone across an ELF transmission path
can cause the deep fading which is characteristic of such an effect. Interposed conduct-
ing layers of hundreds to thousands of kilometers extent, such as sporadic E layers, can
be expected to cause equally degrading effects when they occur on an ELF transmission
path at night. During nighttime, ELF wave fields penetrate well above the D layer and
hence may be highly susceptible to such occurrences, This possibility is of substantial
concern because both the equatorial and auroral zones are regularly subject to the oc-
currence of sporadic E layers. Some of the material regarding measurements of atmos-
pherics that were presented in the second subsection suggests that such anomalous
propagation effects may ocecur in the equatorial zone (4,7).
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Solar fiares, polar-cap absorption (PCA) events, and high-altitude nuclear explo-
sions can be expected fo canse similar effects. None of these three phenomena will be
discussed as types of ionospheric discontinuities in the following two sections. They are
subjects of investigation in NRL's ELF research program, however, and are being pur-
sued currently.

The two listings under Trans-Surface and Subsurface Propagation relate to the
effects of the ocean on EL¥F waves traversing its boundary and penetrating to a sub-
merged receiver hundreds of meters deep. Spectral contamination can be expected to
arise from the modulation effect of water waves on the surface, and signal dispersion
will result from the frequency-dependent character of attenuation in water. Examples of
both of these effects will be given in the third section of this repori.

SOME ASPECTS OF ELF PROPAGATION PHYSICS

Figure 1 illustrates schematically the extent to which several of the possible
propagation-associated phenomena described in the introduction may affect ELF wave
fields on a global scale. The ionosphere in the darkened hemisphere {on the right) is
higher, effectively, than that in the sunlit hemisphere {of course, all heights are grossly
distorted for ease of illustration}). The stippled region, which appears between the iono-
spheric boundary and the surface of the earth {the circle in the center), represents an
estimate of wave-field magnitude on the earth's surface at 45 Hz. The heavy line which
bounds this region indicates, on an approximate 36-dB scale, the extent to which bidiree-
tional propagation effects are expected to be of importance, Nulls as much as 20 dB
deep, separated by 2500 to 3000 km, are prevalent at ranges beyond 10,000 km, Near the
transmitter and extending out to 1000 km or so on either side, the near field dominates,
Areas of similar size occur in the twilight zone and at the antipode, in which medal in~
terference effects may be expected to cause a substantial degree of spatial and temporal
irregularity in the wave fields. In addition fo these more-or-less regular and continuous

effects, jonospheric irregularities, spo-
radic E layers at both the polar and equa-

TWILIGHT ZONE: SEVERE torial regions, and other solar/geomagnetic
MODAL INTERFERENCE, A T phenomena can be expected to ereate
DISTRIBUTION SEVERAL MODES additional irregular structure thousands of
\ kilometers in scale. The thrust of Fig. 1
is simply to illustrate, schematieally, that

much of the world may be expected to be
subiect to the influence of the phenomena
discussed in this report.

Bidirectional Propagation

Bidirectional propagation is treated in
detail by Kelly (24), and the intent here is
only to present a few illustrative examples
of the importance which may reside in bi-
directional propagation effects at 45 and 75
Hz,

ANTIPODAL REGION:

FOCUSSEDR FIELDS Figure 2 shows the far-field azimuthal

component of the 45-Hz magnetic field
Fig, 1 - Schematic representation of {H,) relative to its value at 1000 km from
the propagaﬁign_ass{)ciated wave_fiem the traﬁsmiﬁter. The wave -fieid pmﬁle iS
distribution. extended to 18,000 km, beyond which
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antipodal effects make the far-field expression invalid. This curve was calculated on the
basis of an assumed isotropic attenuation rate of 0.7 dB/1000 km, and shows quite
clearly that bidirectional propagation must be considered, under even this most simple
of circumstances, at ranges of 10,000 km and beyond. Figure 3 shows a similar curve
for 75 Hz, based on an assumed isotropic attenuation rate of 1.2 dB/1000 km. Once
again, bidirectional propagation effects become important at ranges of 10,000 km and
beyond. These two examples were based on optimistic, estimated values of attenuation
rate and hence represent a conservative indication of likely effects, '

Figure 4 shows the effect of introducing an additional 0.17-dB/1000-km attenuation
rate into the short great-circle path, such as might very reasonably result from a geo-
magnetic nonreciprocity in propagation. This curve for 45 Hz indicates that bidirectional
propagation effects must be considered important at ranges of 8000 km and further.
Figure 5 shows similar results for 75 Hz, in which 0.56 dB/1000 km has been added to
the short-path attenuation rate, (The attenuation rates and phase velocities for the cal-
culations shown in Figs. 4 and 5 are consistent with those determined by Galejs (26).)

Figure 6 contains results of calculations for a more complicated case, in which the
intent is to show possible effects both of geomagnetic nonreciprocity and day/night
asymmetry. The 45-Hz transmitter is assumed to be 2000 km from the twilight zone and
in the darkened hemisphere. Transmission across the twilight zone is assumed to be
complete, an expedient which probably causes field strengths to he overestimated. The
ranges shown on the horizontal scale are measured from the twilight zone and in the sun-
lit hemisphere, Attenuation in the darkened hemisphere (which is assumed here to co-
incide with an easterly, long great-circle path) is assumed to be 0.4 dB/1000 km, At-
tenuation in the sunlit hemisphere (a westerly, short great-circle path) is assumed to be
0.8 dB/1000 km, These values probably represent the reasonable extreme in geographic-
path asymmetry. Notice that the interference-related nulls are much deeper in Fig, 6
than in any of the previous figures and that bidirectional propagation effects are
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significant nearly everywhere outside the near-field region. Figure 7 shows similar re-
sults for 75 Hz, in which attenuation on the darkened, easterly path is assumed to be

1.0 dB/1000 km and on the sunlit, westerly path is assumed to be 1.5 dB/1000 km. Once
again, these figures represent a probable extreme case and indicate that bidirectional
propagation effects can be important at ranges as close as 6000 km.,

Multilayer Resonance Effects

As Galejs (25) has indicated, ELF propagation in the nighttime ionosphere is strongly
influenced by the charged-particle distributions in the E and F layers. He has shown that,
under somewhat oversimplified ionospheric conditions, standing waves are established
between the D and F layers. These standing waves cause effective resonant absorption
peaks to appear in frequency bands a few hertz wide, which are distributed throughout the
ELF band and can fall directly on frequencies of interest for ELF communications. The
oversimplification to which Galejs' calculations are subject stems primarily from the
fact that the F-layer electron-density profile he has used is sharply bounded. This cir-
cumstance is a consequence of the iterative computational method Galejs has used. It is
likely that more realistic F-layer electron-density models will yield less extreme, al-
though similar, resonant effects, and a means for employing smoothly varying F-layer
electron-dengity profiles is currently under investigation at NRL. An object of the re-
search reported here has been to use the existing computational technique to discern
likely limits of these standing-wave effects on ELF communications.

The entire region of the ionosphere above the D layer is expected to strongly influ-
ence ELF propagation under dark-path conditions. Hence the phenomena whose effects
must be investigated include not only the nighttime F layer but additional nocturnal iono-
spheric effects such as northern-latitude sporadic E layers. Other phenomena, which
are not exclusively nighttime occurrences, also must be considered. Polar-cap absorp-
tion (PCA) events, auroral absorption events, high-altitude nuclear explosions, and solar
flares are examples of such phenomena. Indeed, ionospheric behavior in the auroral
zone and polar cap, which includes many of the phenomena listed above, is of great
likely importance for ELF communications, Figure 8 is an azimuthal equidistant projec-
tion centered in the midwestern United States and showing a possible transmitier location
at the junction of the two dashed lines in northern Wisconsin. The fan-shaped area indi-
cates paths to probable regions of operational communications interest off the coast of
Asia, in the Mediterranean, in the North Sea and Baltic Sea, and in the Arctic Ocean,
These areas appear in the stippled region between 3000 and 8000 naut mi (5500 to
15,000 km) from the transmitter. Also indicated on Fig. 8 are three somewhat irregu-
larly shaped rings centered on the northern magnetic pole in the vicinity of Ellesmere
Island. These rings bound the northern auroral zone and polar cap, and it is evident that
all propagation paths of interest pass through this region for a distance of several thou-
sand km. Such phenomena as nighttime sporadic E layers, which have been found to oc-
cur in the auroral region at some time during more than 50% of all periods of darkness
and during more than 30% of all hours of darkness (27), thus must be investigated
carefully.

As an illustration of the extent to which auroral sporadic E layers can be expected
to affect ELF propagation at the frequencies of 45 and 75 Hz, Figs. 9 and 10 contain
curves of apparent wavelength versus altitude for typical ionospheric electron-density
profiles at these two frequencies. These curves were calculated on the basis that for
waves propagating in a partially conducting medium, an apparent spatial wavelength is
equal to the free-space wavelength divided by the real part of the refractive index., This
criterion permits objects such as charged-particle layers in the medium to be evaluated
as possible refracting or reflecting objects according to their size relative to this ap-
parent wavelength, It is a somewhat more restrictive criterion than comparison with the
skin depth, which pertains to evanescent waves.
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The solid curve labeled "Galejs A' in each illustration is representative of typical
nighttime electron-density profiles and was used for some of the calculations in Ref. 25,
This curve containg a small contribution from sporadic E, and the dashed curve segment
labeled "No E." illustrates the condition which exists in the complete absence of sporadic
E layers, The two protuberances labeled Eg; and Eg,; indicate the modifications to this
curve which are introduced by moderate (Eg;) to strong (Eg3) nighttime sporadic E lay-
ers in the 100-km region of altitude, These modifications result in a compression of the
apparent wavelengths of 45- and 75-Hz propagating waves into the 1~ to 10-km scale in-
terval. The crosshatched areas represent typical horizontal- and vertical-scale sizes
for sporadic E layers at 100-km altitude. Even under a condition of moderatie sporadic E
layers, it is evident that such a layer displays a vertical extent comparable to an appar-
ent wavelength at both 45 and 75 Hz. Thus even under this circumstance a sporadic E
layer must be considered to be of considerable influence on ELF propagation., A strong
sporadic E layer is nearly always greater in vertical extent than an ELF wavelength
(especially in view of the fact that a strong layer often has a vertical extent toward the
right-hand edge of the shaded region) and hence must be considered to be a nearly com~
pletely reflecting surface. It is likely that essentially no ELF energy will propagate to
above the 100-km altitude region within the 100~ to 1000-km horizontal dimensions of
such a layer. Calculated values of ELF attenuation constants to be presented in a later
section will provide further confirmation of these expectations.

The remajnder of this discussion of ELF propagation physics is concerned with the
influence of E- and F-layer charged-particle density configurations on attenuation con-
stants calculated in the manner described by Galejs (25). For this reason certain of the
features of Galejs’ treatment should be listed. The technigue is described most fully in
Ref. 15. Both the electron density and collision frequency are allowed to have arbitrary
height dependence in a cylindrically stratified ionoSphere. The geomagnetic field is al-
lowed to have an arbitrary angle of dip, but propagation is restricted to easterly or
westerly directions. Within each stratum the differential equations for the wave fields
are separable but can be solved only if the radial variable is approximated by a constant,
A matrix multiplication process is used in an iterative calculation to determine the wave
fields in the strata, and from these calculated wave fields the propagation factor S is
computed. Errors in the computation are minimized by selecting strata to be much
smaller than a radio-frequency wavelength,

For the work reported in Ref. 25, Galejs assumed a constant positive- and negative-
ion density of 2000 cm™3 at altitudes below 64 km, Between 64 and 90 km, he used an as-
sumed exponential height dependence of the form

- - 2
N_ =10 7.4+0.36Z2-0.0032 ,

where N_ is the negative-ion density in cm™2 and Zz is the altitude in kilometers. Above.
90 km he assumed a negative-ion density of nearly zero.

The geomagnetic field is treated as dipping at 45° at altitudes up to about 120 km;
above this altitude it is treated as a radial (vertical) field. Once again this expedient is
a necessary consequence of the computation method.

Figure 11 contains eleciron-density profiles used by Galejs (25), as well as three
typical sporadic~E-layer-associated protuberances which have been investigated in the
research reported here. The three sporadic E layers are superimposed on Galejs'
curve A, which represents an approximation of a nighttime ionospheric electron-density
profile. These electron-density profiles are the same ones which are represented in
Figs. 9 and 10,
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Figure 12 confains four curves of atienuation rate o versus frequency, correspond-
ing approximately to the four electron-density profiles illustrated in Fig. 11. {The only
difference is that an F-layer height of 280 km was selected instead of the value of 280 km
shown in Fig, 11,) The curve in Fig, 12 labeled "No Eg" was calculated from the “Galejs
A" glectron-density profile. The absence of 2 sporadic E layer, together with the ex-
iremely simple, almost stepped, double-layer configuration, gives rise to a strong reso-
nance structure. Resonant atienuation peaks of 3.5 dB/1000 km at 23 Hz, 4.0 dB/1000
km at 50 Hg, and 5.6 dB/1000 km at 87 Hz indicate the pronounced standing-wave struc-
ture which resuits from this highly oversimplified case. As indicated by Galejs (25), the
positions of these resonances in frequency can be altered substantially by slight changes

FREQUENCY {Hz}

of F~layer height. A shift of 20 km in this height, for ex-
ample, causes a frequency shift of about 6 Hz in the reso-
nance at 50 Hz. {Inasmuch as resonances arise at freguen-
cies for which the interlayer separatfion is an integral
muliiple of radial half-wavelengths, layer movements yield
a proportional shift in resonant wavelengths.} The strengihs
of the resonances are sensitive to the electron density as-
surned at the F-layer ledge, Increasing this electron den-
sity to 10¢, a not unreasonable value, makes the resonances
many dB/1000 km stronger; decreasing it to 10*%, possibly
an unreasonable lower extreme, makes them decrease by
several dB/1060 km.

The remaining three curves on Fig. 12 illustrate the
effect of introducing varying degrees of sporadic E lavers

{ at a 100 km altitude. The solid curve, labeled Egy , rep-

resents a condition of moderate sporadic E Iayers and in-
dicates a condition which can be expected {0 occur almost

Fig. 12 - Attepusation rafe o versus frequency for various condi-
tions of the sporadic E layer
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nightly in the auroral region. The resonant peaks are lowered in magnitude re?ative io
the ""No E¢" case, as the sporadic E layer reflects more of the ELF energy in(:}dent_ from
below; they are displaced downward in frequency as the effective layer separation (in
wavelengths) increases due to the added charged-particle density. The lowest resonant
peak, which appeared at 23 Hz on the "No Eg" curve, is displaced completely off the ]
lower end of the Eg, curve. Enhancement of the sporadic E layer to a maximum density
of 105 em™3 yields the results indicated by the dashed curve labeled "Eg, ." The reso-
nant structure has nearly disappeared. Further enhancement of the sporadic E layer to
an extreme likely value of 6 X105 ¢m™3, represented by the curve labeled "Eg;," yields
two results. The average attenuation rate is decreased by an amount of about 0.1 dB/
1000 km throughout the spectrum, as nearly all the ELF energy is confined below the

E layer, and additional resonances begin to appear at the upper end of the spectrum.
These new resonances may be attributed to standing waves which are established between
the double D-layer ledge at 80 to 90 km and the sporadic E layer at 100 km. Changing
the altitude of the sporadic E layer causes the positions of these resonances to shift
accordingly.

Figure 13 shows some further aspects of the influence which a sporadic E layer is
expected to exert over ELF attenuation rates. The sporadic E layers illustrated in Fig.
12 were all constructed to have about a 5-km thickness, and all appeared as single layers
at 100-km altitude. The solid curve in Fig. 13 is similar to the solid curve (denoted Eg;)
in Fig. 12, except that its thickness has been approximately doubled. This operation
causes the resonant attenuation peaks to be depressed by about 0.6 dB/1000 km and low-
ers their center frequencies by 2 Hz.

It has been found by rocket measurements that sporadic E layers often appear in
pairs, with a vertical separation of 6 km to tens of kilometers (28,29). The dotted curve
in Fig. 13 represents the effect which a double layer, consisting of sporadic E layers of
the Eg, type placed at 100 and 112 km, would have on ELF attenuation rates. The reso-
nances are sharpened considerably, and a new resonance peak is beginning to enter from
the high-frequency edge of the spectrum. The dashed curve in Fig. 13 shows the effect
of raising the upper layer to 124 km. All of the resonant peaks are shifted downward and
broadened, and 2 new resonance appears at 94 Hz.

The polar ionosphere experiences an extensive varia-
tion for the period of up to several days following a strong
solar flare, due to energetic solar protons which impinge
on the lower ionosphere during such a period. At ELF this
phenomenon is of great influence because it produces in-
tense ionization throughout the D region above about 60°
geomagnetic latitude (nominally the auroral zone and polar 4
cap). Most of the added ionization is produced at altitudes
of 40 to 80 km. Reid (30) gives an example of the electron-
density profile which might result from a PCA event, and a
sketch of such a profile appears in Fig. 14. Also sketched
in Fig. 14, for comparison, is the Galejs A profile which
has been used in some of the computations above and prob-
ably represents normal nighttime conditions below about
100 km. Figure 15 shows the effect on ELF attenuation
rates of this PCA electron-density profile, in comparison
with the Eg; profile in Fig. 12, which probably represents
a more realistic approximation of overall normal nighttime
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i conditions than the Galejs A profile. The resonant
structure is altered substantially by the PCA event,
which introduces an additicnal resonant peak and
broadens all of the peaks relative to the undisturbed
resonant structure, There is an obvious degradation
in propagation due to the pronounced increase in av-
{ erage attenuvation rate across the entire spectrum.
This resulf is in general agreement with those pre-
sented by Galejs and Mentzoni {16) for the same PCA

o {dBsIO00KM)

PeA event electron-density profile but are substantially
different from those presented by Field {18) in which
Eg he included the effects of ion~density enhancement in
the lower D region in addition to the electron-density
ob—L ;0 j@ ' L L L increase. It is apparent from Field's results that
FREGUENCY (M2 low-altitude ions associated with a PCA event will

cause ELF attenuation rates to be larger in the day-

time than values which are computed without consider-

ing the effects of these ions. Field did not treat a
nighttime PCA case, but observations indicate that the electron density below about 70 km
following a PCA event is almost completely removed at sunset (30). Whether the disap-
pearance of this electron-density enhancement arises due to recombination, in which
case ELF absorption would be reduced, or due fo atfachment fo neutral molecules, in
which case ELF absorption would remain strong, 18 not reliably known, In the former
case, of course, the resulis presented in Fig. 15 are probably accurate. In the latter
case they are certainly underestimates of the actual attenuation rates. For present pur-
poses it can be stated that the resonant structure which appears in the attenuation rate
curves for an undisturbed ionosphere will be altered but not removed by a PCA event,
and propagation will be degraded due to an overall increase in attenuation across the
entire ELF specirum,

The occurrence of a high-altitude nuclear explosion, at any latitude, can be expected
to affect the ionosphere over horizontal regions hundreds to thousands of kilometers in
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scale. Once again, the principal effects of such a phenomenon are expected to take place
in the lower D region, which is of critical importance for ELF propagation. There have
been many attempts to model the electron- and ion-density profiles which appear follow-
ing a high-altitude nuclear explosion, and the results are so disparate that consideration
of any but the simplest of cases is unattractive,

Crain (31) treated the behavior of electron density in the D layer following an as-
sumed uniform ionization impulse of 102 to 10% ¢m™2 at altitudes from 55 to 115 km.
This type of ionization impulse might be expected to result from X rays emitted by a
nuclear device exploded above about a 100-km altitude. Figure 16 shows electron-
density profiles which would be expected in the nighttime ionosphere at times of 0.1 sec
(dotted curve), 1 sec (dashed curve), and 100 sec (solid curve} after such an explosion.
These curves take into account reasonable estimates of the usually dominant natural
production and loss processes, including electron attachment and electron photodetach-
ment, electron-ion recombination, and ion-ion recombination, In contrast to the PCA
example whose electron-density profile was shown in Fig. 14, a high-altitude nuclear
explosion yields the greatest enhancement of electron density between 60 and 80 km, with
very little enhancement in the 40 to 60 km region in which the solar proton flux, which is
responsible for PCA, yielded such a large electron-density enhancement, The peak elec-
tron density at shortly after 1 sec following a nuclear explosion would, however, be of
the same magnitude and at the same altitude as that due to the PCA example. The efiects
on ELF attenuation constants might be expected to be somewhat less severe in the nu-
clear explosion case, however, because the absence of strong ionization below the peak
would cause less attenuation.
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Fig. 16 -~ Electron-density profiles in D and lower E
regions at three times following a high-altitude nu-
clear explosion

Figure 17 bears out this expectation. The dotted curve, for 0.1 sec after the detona-
tion, indicates that the normally expected resonant structure is greatly attenuated, but
the general average level of attenuation between resonant peaks is not increased above
that indicated by the curves in Figs., 12 and 13. By 1 sec after the detonation, as shown
in the dashed curve, the resonant structure is beginning to emerge, and the general av-
erage attenuation level between resonant peaks is lowered even further, esSpecially at
high frequencies. This result arises from the fact that ionization below the effective re-
flection region at about 70 km is disappearing and thus reducing absorption, while the
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¢ ¢ Fig, 17 ~ Attenuation rate o versus freguency curves
for three times following a high-altitude nuclear
explosion

1T +100%

relatively high peak electron density continues to
prevent energy from leaking intc the E and F re-
gions, By 100 sec after the detonation, as shown
in the solid curve, the effect of the explosion has
A3 018 neariy disappeared. The exaggerated resonant
structure arises, as before, from the oversim-
i plified ionospheric profile. The pronounced in-
L w e crease in attenuation, relative both to the other
\/A Hi ]/ curves in Fig. 17 and to the curve labeled "No
i / E." in Fig, 12, is due fo the fact that more en~
~ { R ergy is leaking into higher ionospheric layers
/: wd 1, X -7 than in earlier siages following the explosion,
T s but a small residue of enhanced ionization per-
| BRI ENEE sists in the region from 75 to 80 km and hence
o— 30 30 80 30 causes absorption, The final recovery stage
FREQUENCY {Hz) would involve a gradual lowering of the sclid
curve in Fig. 17 to the level displayed by the
curve labeled "No Eg'" in Fig. 12, as this last-
remaining ionizafion enhancement evaporates. In distinction from the PCA example, the
initial few tens of seconds following a high-altitode nuclear explosion should actually
cause an improvement in ELF propagation. For some hundreds of seconds thereafter,
however, propagation would be expected to be degraded by 0.2 to 0.3 dB/1000 km.

a (dB/1000km)
M
‘4

IMPLICATIONS CONCERNING INFORMATION TRANSMISSION

The examples presented in the preceding section suggest that under a variety of
conditions the earth~ionosphere waveguide must be considered to be dispersive, The
degree to which these idealized examples relate to the actual ionospheric conditions un-
der which a communications system must operate is not known and will remain unknown
until an adequate experimental program is undertaken to investigate them. It is likely
that the effects of bidirectional propagation, of which examples have been presented in
Figs. 2 through 7, will persist to a very significant degree under real conditions. Not
only will spatial wave-field irregularities result from the uneven depesition of ELF en-
ergy on the earth due to this effect, but transmissions received at even a single station
will be degraded due to differential phase dispersion on the two paths over the modula-
tion bandwidth of the transmitied signal., The resonant characteristic of the attenuation
rate as a function of frequency, which has been shown in the preceding section to exist
under a variety of hypothetical conditions, may correspond less faithfully to reality most
of the time for most of the earth. This possibility arises from the likelihood that a great
enough variation in ionospheric layer heights and peak electron densities will be encoun~
tered along a propagation path many thousands of kilometers long to effectively broaden
and attenuate the resonant absorption peaks substantially. The case of polar nighttime
propagation, in which northern-latifude sporadic E layers will exist simuitanecusly over
a region thousands of kilometers in scale, suggests that pronounced reseonant attenuation
effects may actually be experienced on thig important path.

Examples to be presented in this section are intended to indicate the extreme of
degradation which mighf occur due to the combination of bidirectional propagation effects,
resonant attenuation effects, and additional dispersion due to propagation of ELF signals
beneath the ocean surface {0 a submerged reception terminal. These matiers will be
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treated in the following subsection. In the second subsection will be presented a brief
discussion of the likely extreme of signal degradation which can occur due to spectral
contamination of ELF waves penetrating the wavy ocean-surface interface.

Signal Dispersion

Figure 18 contains graphs of attenuation rate and phase velocity for an assumed
nighttime ionosphere which might correspond to auroral-zone and polar-cap conditions
near a period of relatively high but not uncommon solar activity (such as would occur
frequently within a few years of the peak of the 11-year solar cycle). A condifion of
moderate sporadic E layers, with a peak electron density of 1.4x 104 cm™3, is assumed
to exist at 100-km altitude. An F layer with a peak electron density of 106 cm™3 is as-
sumed to exist at 290-km altitude. Resonant attenuation-rate peaks occur at 42 and 6
Hz (slight changes in the F-layer height could cause these peaks to appear at other fre-
quencies within a few heriz of these positions). In the freqguency bands surrounding these
two peaks, an effort has been made to assess the possible effects of dispersion on frans-
mitted information. The basis of this assessment is as follows:

1. An information "pulse,” assumed to possess some reasonable waveshape and du-
ration, is Fourier-transformed into the spectral domain,

2. The relative far-field amplitude and phase of spectral components distributed
through this spectrum are calculated, based on the attenuation rate and phase velocity
indicated on Fig, 18 for each component.

3. An inverse Fourier transform then is applied to the resulting spectrum, convert-
ing it back into the temporal domain and hence forming a pulse once more,

RE (S} = C/Vg

a (d8/1000km}

o
T

A L] N N
20 30 40 60 90 20 30 40 80 90
FREQUENCY (Hz) FREQUENCY (Hz}

Fig, 18 - Attenuation rate « and phase constant [Re(S)] curves
for the likely extreme of the interlayer resonance condition in
northern latitudes at night
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4. A similar calculation is performed for an identical pulse assumed to traverse the
reciprocal path.,

5, The two pulses then are summed, with an appropriate time delay between them,
to yield an estimate of the total power-versus-time signal which a receiver would detect.

This type of calculation is performed for several ranges between 1000 and 19,000km
from the transmitter, In addition, a dispersion calculation is made for several assumed
reception-terminal depths below the ocean surface. Thus the overall effect of dispersion
<due both to propagation in the earth-ionosphere waveguide and to penetration of several
hundred meters of seawater is determined. The method used in this treatment is dis-
cussed in greater detail by Ulfelman and Davis {32), who 2is0 give a2 number of illuminat-
ing examples.

Due to the irregular behavior of the phase-velocity curve in Fig. 18, especially in
the vicinity of the resonances at 42 and 76 Hz, determining an appropriate time delay
between pulse arrival times at the receiver is by no means siraightforward. For so
dispersive a medium, a pulse group velocity cannol easily be determined. For the cal-
culations described here, it is assumed that a single pulse is adeguately described in the
temporal domain by its central lobe plus the first sidelobe. The leading edge of the first
temporal sidelobe is assumed to travel at the velocity of light in vacuo. For transmis-
gsion to distances of at least 10,000 km, it has been found that the pulse maintains enough
of its original identity that this leading edge {designated the "precursor'™) can be dis-
cerned. The time delay between the arrival of the precursers on the direct and recipro-
cal paths then is assumed to be the difference in path length divided by the speed of lipht
in vacuo., For some cases, in which the precursor cannot be identified beyond about
16,000 km, its further dispersion is assumed {0 obey the same dependence on range as it
does on the average over the interval from 5000 to 10,000 km.

Figure 19 contains speciral- and temporal-domain plots of 2 minimum-frequency-
ghift-keyed (MSK} pulse of about 0.5-sec duration (principal temporal lobe width) whose
spectrum is centered on 43 Hz. These examples do not include the effect of seawater
dispersion and represent only the degradation which would result from transmission in
the earth-ionosphere wavepuide. They also show only the direct-path siganal, and so in~
terference effects from bidirectional propagation are also excluded, The left-hand col-
umn contains spectral representations of the waveform at ranges of 0, 5000, 10,000, and
15,000 km from the transmititer. The center column contains temporal representations
of the same waveforms, with a linear amplitude scale. The slanted line which appears
between the bottom-~three graphs in this column indicates the estimated precursor posi-
tions from which pulse time delay was calculated, The right-hand column contains loga-
rithmi¢ representations of these same temporal waveforms, shown here with a dynamic
range of 40 dB, These graphs are calibrated relative to an assumed trangmitter dipole
moment of 3% 107 A-m. It is evident that significant dispersion occurs even on the short-
est (5000-km} path. On the basis that a signal-to-noise ratio (SNR) of 10 dB is required for
minimally acceptable information transmission, it is apparent that information rates myst
be reduced by a factor of at least 2, based on dispersion on the direct path alone. Fora
more realistic reqguirement of a 20-dB SNR, the situation is degraded sven further.

Figure 20 is a quasi-three-dimensional-gurface plot, on the same 40-dB logarithmic
scale, showing how the form of the pulse is distorted in transmission over ranges of 1000
te 19,000 km, including the effects of seawater dispersion io an assumed depth of 400 m.
The axis which appears to jut out of the page is logarithmic amplitude. This plot shows
the top 40 dB occupied by the pulse at any range, and so the overall attenuation-versus-
range effect is removed. Only amplitude relative to other temporal positions within the
same trace is accurately represented. The appearance and growth of temporal sidelobes
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Fig. 19 - Spectral- and temporal-domain plots of a 0.5-second MSK pulse as it
appears at the transmitter (labeled 0 range) and at 5000, 10,000, and 15,000 km
from the trangmitter. The estimated position of the precursor is labeled in the
center column, The transmitted spectrum is centered on 43 Hz,
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Fig. 20 - Quasi-three-dimensional logarithmic
(40-dB) plot showing pulse distortion with dis-
tance on a short path. The transmitted spectrum
is centered on 43 Hz, The receiving terminal is
400 m below the surface,
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Fig. 21 - Bpectral- and temporal-domain plots of a 0.5-second MSK pulse as it
appears at the transmitter and at 25,000, 30,000, and 35,000 ki from the trans-
mitter. Tne transmitted spectrum is centered on 43 Hz,

with increasing range is evident; the effect of seawater dispersion is readily seen o be
negligible by comparison with Fig. 19.

Figure 21 contains spectral- and temporal-domain represeatations of puises trans-
mitted at the same center frequency and duration as Fig, 20, for the reciprocal path
lengthe of 25,000, 30,000, and 35,000 km. To inclade possible effects of nonreciprocal
propagation and to cause these examples to represent a probable worst case, the attenu-
ation rates at all frequencies were assumed to be reduced by 30% in these long-path
calculations relative to the values in Fig, 18, The resultant waveforms, which appear on
& 40-dB logarithmic scale in the right-hand column, are degraded considerably relative
to those in Fig. 18, Figure 22 is a surface plot for the long-path signal, showing the de-
velopment of the extremely prominent temporal sidelobes which appear.

Figure 23 contains logarithmic temporal plots of the summed contiributions from
both paths, at distances of 0, 5000, 10,000, and 15,000 km and at depths below the ocean
surface of 0, 200, and 400 m. The effects of two-path interference are evident. Signal
degradation at the -10-dB level is not much worse than in Fig. 19, but at the -20-dB level
it is significantly worse at most distances.

Figures 24 through 28 contain results for a similar pulse format at an assumed
center frequency of 77 Hz, The summed waveforms in Fig, 28 are qualitatively similar
to those for 43 Hz in Fig, 23.
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Fig. 22 - Quasi-three-dimensional logarithmic
(40-dB) plot showing pulse distortion with dis-~
tance on a long path. The transmitted spectrum
is centered on 43 Hz. The receiving terminal ig
400 m below the surface.
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Fig. 23 - Total received pulse at the surface and at depths of 200 and 400 m
for a receiver located 5000, 10,000, and 15,000 km from a transmitter radi-
ating a 0.5-second MSK pulse centered on 43 Hz.
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it appears at the transmitter and at 5000, 10,000, and 15,660 km from the ifrans~
mitter. The {ransmifted spectrum is centered on 77 Hz.
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Fig, 25 - Quasi-three-dimensional logarithmic
{40-dB) plot showing pulse distortion with dis-
tance on a short path, The transmitted spectrum
is centered on 77 Hz. The receiving terminal is
400 m below the surface.
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Fig. 28 - Total received pulse at the surface and at depths of 200 and 400 m
for a receiver located 5000, 10,000, and 15,000 km from a fransmitier radi-
ating a 0.5-second MSK pulse centered on 77 Hz

It can he concluded that the dispersion which regults from the resonani character of
the jonospheres treated in this report might, indeed, lead to degradation in communica-
tion information rates by a factor exceeding 2 for pulse lengths of 1/2 second or shorter.
A good deal of caution should be exercised in interpreting the word "might' as meaning
"will,” however. The ionospheric models are hypothetical ones, and the F-layer
electron-density profiles are somewhat unrealistic., These resulis should accordingly
be interpreted as upper limits on the degree of degradation which can arise from
propagation-associated phenomena, If is of some interest that dispersion due to the
variation of seawater attenuation with frequency is negligible in comparison to that in-
troduced by the ionosphere, Indeed, the former type of dispersion can be considered io
be a second-order effect by comparison to the latter for the cases treated in this report.

Water-Wave Spectral Contamination

Transmission of ELF energy across the ocean surface can he expacted to result in
spectral degradation of the signal due to fluctuation components introduced by the wave
motions on that interface. Wetzel (33) describes approximate methods by which the lev-
els (amplitodes) and spectral eharaeteristics of these fluctuations can be estimated to
affect ELF waves penetrating the ocean surface and propagating through it 0 a receiver
terminal at arbitrary depth. Under certain assumptions, notably the basic assumption
that a wind-driven water wave can be described as a sinusoid of some particular ampli-
tude and wavelength, Wetzel uses empirical estimates of the relationship between these
parameters and wind speed {o derive expressions for the fluctuation level and spectrum
which might be expected for typical ocean-wave specira. The treatment Wetzel employs
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is restricted in applicability to certain water wavelengths; for frequencies in the range
from 45 to 75 Hz, this restriction limits its use to conditions involving wind speeds of
less than about 100 knots and hence represents no significant limitation.

The integral for the fluctuation level relative to an undisturbed ELF signal can be
evaluated only for rather simple water-wave spectra. One case for which the integral is
tractable is a monotoniec spectrum corresponding to the simple circumstance of "swell”
alone. Table 3 contains the results of such a calculation for wind speeds of 10 to 50
m/sec (20 to 100 knots) as they affect ELF waves of 45 and 75 Hz propagating to depths
of 50 to 400 meters below the ocean surface. Heavy lines indicate a fluctuation level 10
to 20 dB below the undisturbed signal level, If fluctuation levels of this magnitude are
accepted as leading to significant spectral degradation of the signal, then wind speeds of
20 to 35 m/sec (40 to 70 knots) must be considered as serious potential contaminants in
a communication network.

Table 3
Fluctuation Levels for Swell Waves Generated by Winds of Various Speeds

[1 Fluctuation Level at Four Depths Relative to Undisturbed Signal (dB)
W(i:;ld/:g;ed 45 Hz 75 Hz, |
50 m 100 m 200 m 400 m 50 m 100 m 200 m 400 m
10 -7l =102 -164 -289 -63 -91 -147 -259
15 -35 -43 -60 -94 =29 -36 -49 =76
20 =22 -25 =30 -40 -19 -21 =25 -33
25 ~16 =17 -19 -23 -14 -14 =16 -19
30 =12 -13 -14 -16 -10 -10 -11 -13
35 -9 -10 -10 -11 -7 -7 -8 -9
40 =7 =7 ~8 -8 -5 -5 -5 -8
45 -5 -5 -5 -6 -3 -3 -3 -3
50 -3 -3 -3 -4 Beyond Applicable Limits

The degree to which such contaminants might limit information transmission can be
estimated by considering the form which this spectral contamination might take,
Wetzel's treatment permits calculating the power spectrum from a more realistic
water-wave spectrum than the monotonic one discussed in the preceding paragraph. The
Pierson-Moskowitz water-wave energy spectrum is characterized by a frequency de-
pendence of the form

A ol 7aes/wey? '
w5

where « is frequency, g is the acceleration of gravity, and W is the wind speed {mks
units), The results of the calculation, for wind speeds from 20 to 50 m/sec and receiver

—
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depths of 50, 200, and 400 m, are shown in Figs. 29 through 31. Examples are shown
only for a radio frequency of 45 Hz, The general trend with increasing depth is a narrow~
ing of the spectrum from its high-frequency end with liftle or no displacement in speciral
peik positions. The principal value of Figs. 29 through 31 is in estimating likely limits
on signal integration time which water-wave spectral contamination might impose. For
example, a wind speed of 30 m/sec will impose on a 45-Hz electromagnetic wave re-
ceived at a 50-m depth {Fig. 29) a fluctuation component with a spectral peak at 0.044 Hz,
Thus for integration times of about 23 sec and shorter, the fluctuation component will
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Fig, 29 - Fluctuation spectrum due to water waves
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a 50=-m depth
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Fig. 31 - Fluctuation spectrum due to water waves
driven by winds of indicated speeds as observed at
a 400-m depth

begin t0 contribute to the total received signal and cannot be filiered out. For longer in-

tegration times, it can be effectively removed if the modulation bandwidth is narrower
than about 0.030 Hz.

It can be concluded that spectral contamination of ELF waves crossing the ocean
surface may be encountered at wind speeds of 20 m/sec (40 knots) and greater. When

this spectral contamination is a problem, it can cause the available modulation bandwidth
to be narrowed to a few hundredths of a hertz.

RECOMMENDATIONS FOR EXPERIMENTAL STUDIES

Every aspect of ELF propagation discussed in this report lacks adequate experimen=~
tal verification. Furthermore, the subjects treated in this report indicate that a meas-
urement program whose object is to provide this necessary verification must be planned
with care. The various effects described above are all likely to occur in varying degrees
simultaneously; hence it will be difficult io isolate them for systematic study. First, for
example, isolation of geomagnetic anisotropy of propagation from the possibly similar
effect of diurnal asymmetry of the earth-ionosphere waveguide requires that measure-
mentg be taken under conditions in which both easterly and westerly paths are equally
sunlit or dark. Second, the possible effects of differing F-layer height, in imposing
resonancelike behavior on the attenuation-rate-versus-frequency curve, requires that
any nighttime measurements be made under conditions in which the upper ionosphere is
identical on both paths, Such conditions seldom coincide precisely with the desired sym-
metry of path darkness because the ionosphere's physical chemistry causes its diurnal
evolution to lag the solar day. Third, the possible influence of bidirectional propagation
requires these measurements to be made such that the spatial wave-field distribution
due to two-path interference is well known in both the easterly and westerly directions.
1f there is, indeed, significant propagation anisotropy, the spatial wave-field distribution
will certainly vary differently in the two directions, These considerations alone indicate
that an effective measurement program must involve several receiving sites in simulta-
neous operation and must be approached systematically,

—
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The following list of suggested experiments is intended only as an indication of an
efficient order of priorities in conducting such an experimental program.

1. Assessment of geomagnetic-anisotropy and bidirectional-propagation effects in
the sunlit hemisphere. Assuming atiemuation ratesg io be greater for westerly than for
easterly propzgation, one station should be located at about 5000 ki and two or more
stations at about 10,000 km west of the transmitting site, One station should be located
about 5000 km east of the transmitting site. Measurements should be restricted to a pe-
riod beginning about 2 hours before noon at the transmitter and ending about 4 hours
after noon at that site. An effort should be made t0 determine whether there exists a
difference in apparent attenuation rates from the transmitter to each of the close-in
sites. The two Or more sites located about 10,006 km west of the transmitter should be
separated by about 2000 km and should attempt to discern wave-field interference pat-
terns due to bidirectional propagation. Care must be taken af these sifes to insure that
evening twilight does not introduce uncertainties into the measuremenis; hence opera-
tions should probably be restricted to the period before noon at the iransmitter site.
Because ELF waves probably do not penetrate the E layer in the sunlit hemisphere, there
should be no interlayer resonant effect.

2. Assessment of geomagnetic-anisotropy, bidirectional-propagation, and interlayer-
resonance effects in the darkened hemisphere. Due o the increased depth of penetration
of ELF waves into the E and F layers ai night, both geomagnetic~anisoiropy and
interlayer-resonance effects will be more pronounced than in daytime. The same re-
ceiving sites may be used, but many more measurement periods may be necessary., A
similar type of operation io that described in assessment 1 may be used, but the refer-
ence time should be midnight at the transmitter rather than noon. To determine the ef-
fects of interlayer resonances, a frequency-sweeping or stepping mode will be necessary.
The {ransmitted frequency should be deviated D to 10 Hz on both sides of the nominal
center frequency, with dwell times equal o 2 minimum acceptable integration time for
the receiving sites. The close-in sites will probably suffice for this frequency-deviating
phase of the measurements, and so dwell fimes may be tailored to their requirements,

3. Assessment of diurnal anisotropy in propagation. Measurements of the apparent
attenuation rates for easterly and westerly propagation should be made during both
morning and evening twilight at the transmitter site. The close-in sites should provide
estimates of the propagation anisotropy. Further measurements of bidirectional propa-
gation may also be made at receiving sites in the range 10,000 to 18,000 km, located
preferably both to the east and west of the transmitter, It is only with the twilight dis-
continuity located directly over the transmitter that paths may be set up which are all
dark and all sunlit so that this phenomena may be isclated from twilight-zone disconti-
nuities in the earth-ionosphere waveguide.

4. Assessment of the effects of waveguide discontinuities on propagation. Passage
of the twilight region over the receiving sites will permit spatial wave-field irregulari-
ties which arise from the associated waveguide discontinuities to be discerned. Integra-
tion times should be kept as short as possible; hence only the close-in receiver siles
may be useful. Measurements should be made from about 4 hours before until 4 hours
after both morning and evening twilight {the ionosphere changes at a different rate in
each period).

5. Assessment of auroral and PCA effects on propagation. Measurement of these

effects must take place during arctic winter, so that the darik-path conditions under which
effects of PCA and auroral events are most pronounced will be tested. In order that
these measurements, which will involve precisely the propagation paths of importance
for an operational communications system, will fully reflect the ionospheric conditions
which will be encountered in the polar region, stations should be located in several areas.
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For a transmitter located in Wisconsin, a station in eastern Scandinavia will be about
5000 km from the transmitter and on the Atlantic fringe of the auroral region. A station
in the Aleutians will be at a similar range on the Pacific fringe. A station on Okinawa
will be about 9000 km from the transmitter and on the longest possible line through the
zone of maximum auroral activity, A station in South Korea will be 10,000 km from the
transmitter and on a line which passes through the fringe of the polar cap. A station in
Indochina, India, or Pakistan will be 13,000 km from the transmitter and on a line nearly
through the geomagnetic north pole. These stations should he established for several
months and operated routinely during the two to five days following strong solar flares.
It is expected that the influence of interlayer-attenuation-rate resonances, which may be
quite pronounced during normal auroral and polar nighttimes (to be discussed under
assessment 6), will be substantially diminished during these disturbed periods. This
thesis may be tested by using the frequency-deviating method discussed in assessment 4.

6. Assessment of auroral-zone sporadic E effects on propagation. The most ex-
treme examples of interlayer resonance effects should be expected to occur during arctic
winter on the paths listed in assessment 5. Thus these stations should be operated fre-
quently during times of solar quiescence, and the transmitter should be run in the
frequency-deviating mode,

ACKNOWLEDGMENT

The authors are grateful for the benefit of many helpful discussions with Dr. Janis
Galejs of the Advanced Studies Group, Communications Sciences Division, and for gener-
osity by Mr. F. M. Gager and Mr. P. E. V, Shannon of the Radar Techniques Branch,
Radar Division, in making computational facilities available for this research.



10.

il.

12,

13.

14,

REFERENCES

. Chapman, F.W., and Macario, R.C.V., "Propagation of Audic~Frequency Radio

Waves to Great Distances,” Nature 177, 930-933 (1956)

. Chapman, F.W,, Jones, D.L., Todd, J.D.W., and Challinor, R.A., "Observations on

the Propagation Constant of the Earth-Ionosphere Waveguide in the Frequency Band
8 c¢/s to 16 ke/s,"" Radioscience 1, 1273-1282 (1966)

Hughes, H.G., "“On the Directional Dependency of ‘Slow Tail' Extremely Low-
Frequency Atmospheric Waveforms,” J. Atm.and Terres. Physics 29, 545-552 (1967)

Smith, E.J., "The Propagation of Low-Audio Frequency Electromagnetic Waves,"
Ph.D. Thesis, UCLA, 1960

Hughes, H.G., "Nonreciprocal Attenuation Rates at ELF from 'Slow Tail' Measure-
ments," JGR 72, 5383-5388 (1967)

Hughes, H.G., and Thiesen, J.F., "Diurnal Variations in the Apparent Attenuations
of ELF Atmospherics over Two Different Propagation Paths," J. Geophys. Res. 75,
2795-2801 (1970)

Hughes, H.G., and Thiesen, J.F,, "Propagation of the 50-Hz Speciral Component of
ELF Atmospheries Across the Sunrise Terminator,” NELC Report 1643, Aug. 15,
1963

Jones, D.L.,, "Propagation of ELF Pulses in the Earth-Ionosphere Cavity and Appli-
cation fo 'Slow Tail' Atmospherics,” Radloscience 5, 1153-1162 {1970}

Taylor, W.L., and Sao, K., "ELF Atitenuation Rates and Phase Velocities Observed
From Slow Tail Components of Atmospherics,” Radioscience 3, 1453-1460 {1970}

Chapman, F.W., and Jones, D.L., "Observations of Earth-Ionosphere Cavity Reso-
nances and Their Interpretation in Terms of a Two-Layer Ionosphere Model," J.
Res, NBES 68D, 1177-1185 {1964}

Dunn, G,R., Kuhnle, P.F¥., and Smith, R.D., "Experimental Research Investigations
of Extremely Low Frequency Propagation,” Space-General Corporation Technical
Report 8GC No. 212R-5, Feb. 28, 15864

Kuhnle, P F., and Smith, R.D., "Experimental Research Investigation of Extremely
Low Freguency Propagation,” Technical Documentary Report No. RADC-TDR-64-
360, RADC, December 1964

Galejs, J., "ELF and VL.F Waves Below an Inhomogeneous Aaisotropic Ionosphere,”
4. Res. NBS 68D, 693-707 (1964)

Galejs, J,, "On the Terrestrial Propagation of ELF and VLF Waves in the Presence
of a2 Radial Magnetic Field,” J. Res. NBS 89D, 705-720 (1965)

34




15,

16,

17.

18,

19.

20.

21.

22,

23.

24,

25.

26.

27,

28.

29.

30.

31.

NRL REPORT 7269 35

Galejs, J., "Propagation of ELF and VLF Waves Below an Anisoiropic Ionosphere
With a Dipping Static Magnetic Field,”" J. Geophys. Res. 73, 339-352 (1968)

Galejs, J., and Mentzoni, M., "Propagation of ELF and VLF Waves Below Models of
Naturally Perturbed Ionospheres,' J. Geophys. Res. 73, 4439-4443 (1968) - '

Galejs, J., "ELF and VLF Propagation for Models of a Perturbed Ionosphere,"
Radioscience 5, 1041-1044 (1970)

Field, E.C., "Propagaticn of ELF Waves Under Normal and Naturally Disturbed
Conditions," J, Geophys. Res, T4, 3639-3650 (1969)

Yamashita, M., "Propagation of E.L.F. Radio Waves to Great Distances Below the
Anisotropic Ionosphere," J. Atm. and Terres. Physics 29, 937-948 (1967)

Yamashita, M., "The Propagation Characteristics of ELF Radio Waves to Great
Distances Below the Horizontally Stratified Ionosphere,” J. Atm, and Terres.
Physics 30, 1943-1953 (1968)

Jones, D.L., "Schumann Resonances and E.L.F. Propagation for Inhomogeneous,
Isotropic Ionosphere Profiles," J. Atm. and Terres, Physics 29, 1037-1044 (1967)

Cole, R.K,, Jr., and Pierce, E.T., "Electrification in the Earth's Atmosphere for
Altitudes Between 0 and 100 Kilometers," J. Geophys. Res. 70, 2735-2749 (1965)

Deeks, D.G., "D-Region Electron Distributions in Middle Latitudes Deduced From
the Reilexion of Long Radio Waves,' Proc. Roy. Soc. 291, 413-437 (1966)

Kelly, F.J., NRL Report in preparation

Galejs, J., "F Layer Reflections and Ion Effects in the Propagation of Terrestrial
ELF Waves," J. Geophys. Res, 75, 2629-2539 (1970)

Galejs, J., Terrestrial Propagation of Long Electromagnetic Waves, Chapter 7,
monograph in preparation

Smith, E.K., Jr., "The Occurrence of Sporadic E," in [onospheric Sporadic E, E.K.
Smith, Jr. and S. Matsushita, Pergamon Press, N.Y., 1962, pp. 3-12

Aubry, M., Blanc, M., Clauvel, R., Taieb, C., Bowen, P.J., Norman, K,, Willmore,
A.P., Sayers, J., and Wager, J.H., "Some Rocket Results on Sporadic E," Radio-
science 1, 170-177 (1966)

Smith, L.G., "Rocket Observations of Sporadic E and Related Features of the E
Region,'” Radioscience 1, 178-186 (1966)

Reid, G.C., '""Physics of the D Region at High Latitudes,' in J, Frihagen (ed.},
Electron Density Profiles in Ionosphere and Exosphere, North-Holland, Amsterdam,
Interscience, N.Y., 1966, pp. 17-26

Crain, C.M., "Electron Ionization and Loss Processes and Rates," in J. S, Belrose,
L A, Bourne, and L. W, Hewitt (compilers), Ground-Based Radio Wave Propagation
Studies of the Lower Ionosphere, Defence Research Board, Dept. of National De-

fence, Ottawa, Ontario 1967



36

32.

33.

DAVIS, ALTHOUSE, AND UFFELMAN

Uffelman, D.R., and Davis, J.R,, "Computer Simulation of ELF Pulse Distortion due
to Dissipation and Dispersion in the Earth-Ionosphere Waveguide,’ NRL Report in

preparation

Wetzel, L., "Electromagnetic Field Fluctuations in Transmission through the Sur-
face of the Sea,” Proceedings of the NATO AGARD Symposivm on Electromagnetics

of the Sea, Paris, France, June 1970




